In this paper, we calculate the B → D transition form factors (TFFs) within the light-cone sum rules (LCSR) and predict the ratio R(D). More accurate D-meson distribution amplitudes (DAs) are essential to get a more accurate theoretical prediction. We construct a new model for the twist-3 DAs φ p 3;D and φ σ 3;D based on the QCD sum rules under the background field theory for their moments as we have done for constructing the leading-twist DA φ2;D. As an application, we observe that the twist-3 contributions are sizable in whole q 2 -region. Taking the twist-2 and twist-3 DAs into consideration, we obtain f (q 2 ), we predict R(D) = 0.320
In this paper, we calculate the B → D transition form factors (TFFs) within the light-cone sum rules (LCSR) and predict the ratio R(D). More accurate D-meson distribution amplitudes (DAs) are essential to get a more accurate theoretical prediction. We construct a new model for the twist-3 DAs φ p 3;D and φ σ 3;D based on the QCD sum rules under the background field theory for their moments as we have done for constructing the leading-twist DA φ2;D. As an application, we observe that the twist-3 contributions are sizable in whole q 2 -region. Taking the twist-2 and twist-3 DAs into consideration, we obtain f −0.021 , which improves is about 1.5σ deviation from the HFAG average of the Belle and BABAR data. At present the data are still of large errors, and we need further accurate measurements of the experiment to confirm whether there is signal of new physics from the ratio R(D). 
I. INTRODUCTION
The B-meson physics provides a good platform for accurately testing the standard model (SM) and for finding the possible signal of new physics (NP), which has received much attention from physicists. In particular, the ratio R(D) in the semi-leptonic decay B → Dlν l has aroused people's great interests in recent years, since there sounds considerable difference between the experimental data and the SM theoretical predictions.
In year 2012, the BaBar Collaboration reports a first measurement on the ratio R(D), which is defined as
with l ′ stands for the light lepton e or µ. The BaBar Collaboration gives R exp (D) = 0.440 ± 0.058 ± 0.042 [1, 2]. The Belle collaboration gives a slightly smaller value R exp (D) = 0.375 ± 0.064 ± 0.026 [3] . The weighted average of those experimental measurements (HFAG average) gives R exp (D) = 0.407 ± 0.039 ± 0.024 [4] . Many approaches have been tried to explain the data. Based on the heavy quark effective theory (HQET), Refs. [5, 6] predict R(D) = 0.302 ± 0.015. By using the lattice QCD (LQCD), the FNAL/MILC Collaboration gives R(D) = 0.299 ± 0.011 [7] and the HPQCD Collaboration gives R(D) = 0.300 ± 0.008 [8] , whose average gives R(D) = 0.300 ± 0.008 [9] . By using a global fit of the available LQCD predictions and experimental data, Ref. [10] predicts R(D) = 0.299±0.003. Those SM predictions are consistent with each other within errors, however all of which are lower than its measured value, e.g. the LQCD prediction is about 2.1σ deviation from the the HFAG average. This inconsistency has motivated various speculations on the possible NP beyond the SM [11] [12] [13] .
Theoretical prediction on R(D) strongly depends on the B → D transition form factors (TFFs) f B→D +,0 (q 2 ), which are mainly non-perturbative and can only be perturbatively calculated for large recoil region with q 2 ∼ 0. Thus before drawing definite conclusion, we have to know those TFFs better. The TFFs f B→D +,0 (q 2 ) have been studied within the LQCD approach [7, 8] , the pQCD factorization approach [14, 15] , and the light-cone sum rules (LCSR) approach [16] [17] [18] [19] [20] . The pQCD approach is applicable for large recoil region and the LQCD approach is applicable for soft regions with large q 2 . The LCSR approach involves both the hard and the soft contributions below ∼ 8GeV 2 . In the paper, we shall first adopt the LCSR approach to recalculate the TFFs and then combine the LQCD prediction to achieve a reliable prediction of the TFFs within the whole q 2 -region.
The LCSRs for the TFFs f B→D +,0 (q 2 ) can be expanded as a series over various D-meson light-cone distribution amplitudes (DAs). The high-twist DAs are generally power suppressed but could be sizable and helpful for a precise prediction. Several models for the leading-twist DA φ 2;D have been proposed in the literature [21] [22] [23] [24] [25] [26] [27] . In Ref. [19] , we have studied the DA φ 2;D by recalculating its moments within the frame work of QCD SVZ sum rules [28] under the background field theory (BFT) [29] [30] [31] . However at present, there is little research on the Dmeson twist-3 DAs φ p 3;D and φ σ 3;D . According to our experience, it is reasonable to assume that the twist-3 DAs shall have sizable contributions to the TFFs f B→D +,0 (q 2 ).
In previous pQCD treatment, the twist-3 DA φ p 3;D is usually approximated by the leading-twist DA φ 2;D due to the difference between the moments of φ [32] . Thus more accurate twist-3 DAs shall also be helpful for achieving a precise prediction under pQCD factorization approach. In the paper, we will construct a new model for the D-meson twist-3 DAs φ p 3;D and φ σ 3;D , whose moments will be determined by using the QCD SVZ sum rules under the BFT.
The remaining parts of the paper are organized as follows. The LCSRs for the TFFs f The TFFs f B→D +,0 (q 2 ) are important components of the ratio R(D), which are defined as
and
where p is the D-meson momentum and q is the transition momentum. To determine the TFFs f B→D +,0 (q 2 ), we adopt the LCSR method and take the correlator as
Following the standard LCSR procedures, we obtain
where
with
The first terms in Eqs. (7, 8) are leading-order (LO) contributions for f B→D + (q 2 ) and f
is the normalization parameter of the DA φ p(σ) 3;D . The second terms in Eqs. (7, 8) are NLO corrections. Those LCSRs show that up to twist-3 accuracy, we have to know the twist-2 DA φ 2;D and twist-3 DAs φ p 3;D and φ σ 3;D well. There are also threeparticle twist-3 terms, whose contributions are rather small and can be safely neglected. TheΛ/m D powersuppression and the α s -suppression are quantitatively at the same order level, thus in the paper, we shall consider the NLO corrections to the twist-2 terms and keep the twist-3 terms at the LO level. As an estimation, we neglect the charm quark current-mass effect to the twist-2 NLO terms of the B → D TFFs and take them as the same as the ones of the B → π TFFs [33] .
III. THE D-MESON LEADING-TWIST AND TWIST-3 DAS
A. An improved model for the D-meson leading-twist DA φ2;D In Ref. [19] we have suggested a new light-cone harmonic oscillator model for the D-meson leading-twist wavefunction, which is based on the Brodsky-HuangLepage (BHL)-prescription [34] [35] [36] , e.g.,
In Eq.(11), χ 2:D (x, k ⊥ ) =m/ k 2 ⊥ +m 2 withm = m c x +m q (1 − x) stands for the spin-space wavefunction. ψ 
and k ⊥ is the transverse momentum,m c andm q are constituent charm-quark and light-quark masses, and we adoptm c = 1.5GeV andm q = 0.3GeV. This model is applicable for both D 0 and D − leading-twist wavefunctions since the mass difference between u and d is negligible. One can obtain the leading-twist wavefunction of D 0 or D + by replacing x with 1 − x in Eq. (11) . After integrating out the transverse momentum k ⊥ component in wavefunction Ψ 2;D (x, k ⊥ ), the D-meson leading-twist DA φ 2;D can be obtained. We have approximately taken χ 2;D → 1 in our previous treatment [19] ; At present, we keep the χ 2;D -terms to obtain a more accurate behavior for φ 2;D , i.e.
where µ 0 is the factorization scale, Erf(x) is the error function. The input parameters A D , B D n and β D can be fixed by the normalization condition of φ 2;D , the probability of finding the leading Fock-state |cq in the D-meson Fock-state expansion which can be taken as P D ≃ 0.8 [25] , and the known moments ξ 
which can be used to constrain the behaviors of the Dmeson twist-3 DAs φ 
B. A new model for the D-meson twist-3 DAs
Following the above idea of constructing the D-meson leading-twist DA, we suggest the following model for the twist-3 DA φ
The model parameters A (17)
• The average value of the squared D transverse momentum k
• The moments ξ
which can be calculated by using the QCD sum rules under the framework of BFT.
The twist-3 DA φ σ 3;D can be constructed under the same way. By replacing the upper index 'p' with 'σ' in Eq. (15) and taking the expansion
we obtain the model for φ σ 3;D . In above equations, the factorization scale is taken as µ 0 ∼ 1 GeV, the DAs at any other scale can be obtained via the conventional evolution equation [37] .
In addition to the known parameters, our task left is to determine the moments of the twist-3 DAs φ p 3;D and φ σ 3;D . We adopt the following correlators to achieve the sum rules for the moments ξ
where z 2 = 0, J PS n (x) and J PT n (x) are pseudo-scalar and pseudo-tensor currents
Following the standard procedures of the SVZ QCD sum rules under the BFT [19, 31] with the help of the relations between the hadronic transition matrix elements and the moments
one can obtain the required sum rules, i.e. 
IV. NUMERICAL ANALYSIS A. Input parameters
To determine the moments of the D-meson twist-3 DAs, we take [38] 
For the condensates up to dimension-six, we take [39](1GeV) = −(240 ± 10MeV) 3 , g sq σT Gq (1GeV) = 0.8(1GeV),
The scale-dependent parameters at any other scales can be obtained by using the renormalization group equation [40, 41] . As exceptions, the gluon-condensates α s G 2 and g 3 s f G 3 are scale-independent, and we ignore the scale-dependence of the four-quark condensate g s2 , whose contribution to the twist-3 DA moment is small. In doing the calculation, we take the renormalization scale µ = M , since the Borel parameter M characterizes the typical momentum flow of the process. as the commonly used one suggested by Ref. [39] , instead of the one adopted in our previous paper [19] , then the corresponding results about the moments of the D-meson leadingtwist DA φ 2;D should be updated. The criteria for determining the Borel windows of ξ n=1,···,4 D is exhibited in Table I, the Borel windows and the allowable regions Table  III . The corresponding curves of φ 2;D are shown in Fig.1 . Comparing with the old simplified model suggested in Ref. [19] , the improved model (13) has a more obvious double-humped behavior and is narrower, both of which have a the peak around x ∼ 0.2. Substituting the model Table III. parameters exhibited in Table III As suggested by Refs. [42, 43] , the quarks inside the bound-state are not exactly on shell, and a more reasonable prediction on µ p π or µ σ π could be achieved by using the sum rules derived from the 0 th moment of the pion twist-3 DA. More explicitly, By taking n = 0 in sum rules (27) and (28) Table IV , where for convenience we have also presented the criteria for the moments ξ Table V. Table V shows
where the errors are squared average of those from the errors of the parameters such as the Borel parameter, the condensates and the bound-state parameters. As a comparison, if roughly using the equation of motion for the on-shell particles [44] [45] [46] , we obtain µ We present the criteria for determining the Borel windows of the moments ξ Table VI. Table VI shows that the effects of the input parameters on ξ 
where the errors are squared averages of the errors from and ξ n σ D . The Borel parameter M is fixed to be its central value. The labels "|up" and "| low " stand for the upper and lower bounds of the inputs, and the symbols "+" and "−" represent the positive and negative errors brought by the corresponding input, respectively. The G 2 , qGq and G 3 are abbreviations of the vacuum condensates αsG 2 , gsqσT Gq and g 3 s f G 3 respectively. Table VII , and the corresponding cures are displayed in Fig.3 .
Comparing Eqs. (34) and (31), one can find that the differences among the moments of φ p 3;D and φ 2;D are about 13 − 37%, and which increases with the increase of the moment order, Figs.(1, 3) show that there is large difference between the behaviors of φ 2;D and φ p 3;D . It is then reasonable to assume that large discrepancy on the predictions involving them could be achieved by taking the rough approximation, φ (15) for µ → ∞ still equals to zero as x → 0 or x → 1, which is due to exponential suppression from the BHL-prescription. It has already been observed that a more reasonable twist-3 contributions to the pion form factor [48] and the B → π TFFs [49] can be achieved by using the pion twist-3 DAs with similar end-point behaviors. Thus the D-meson DAs with suitable end-point singularity behavior shall be helpful for achieving a more reliable twist-3 predictions within the pQCD approach. Table III and VII up to the scale Table VII . µ = 3GeV via the QCD evolution equation, which are presented in Table VIII . It is found that the differences caused by different bound-state masses are less than 10 , and to make it applicable in all q 2 -region, one usually extrapo-lates it by using the following parametrization [50] 
On the other hand, the LQCD results for the TFFs f B→D +,0 (q 2 ) are available for high energy region [7, 8] , thus one may combine the LCSR and LQCD predictions to accurate a reliable prediction within the whole q 2 -region. In doing the combination, we adopt the extrapolation formulae (37) to fit our LCSR predictions for the TFFs with φ p,I
3;D and the LQCD predictions by the HPQCD Collaboration [8] . The fitted parameters a +(0) and b +(0) are presented in Table IX . (q 2 ), and the shaded hands are their corresponding uncertainties. The extrapolated LCSR predictions with the vacuum-to-B-meson correlator [20] , and the LQCD predictions by the HPQCD Collaboration [8] or by the FNAL/MILC Collaboration [7] , and the data from the Belle Collaboration [51] and the BaBar Collaboration [52] are presented as a comparison.
We present the fitting TFFs f (q 2 ) and the shaded hands are their uncertainties. The extrapolated LCSR predictions with the vacuum-to-B-meson correlator [20] , and the LQCD predictions by the HPQCD Collaboration [8] or by the FNAL/MILC Collaboration [7] , and the data from the Belle and BaBar Collaborations [51, 52] are presented as a comparison. Fig.7 shows our predictions on the TFFs f B→D + (q 2 ) agree with the Belle and BaBar measurements within errors.
As a step forward, we present the differential decay rates for the decay B 0 → D + lν l in Fig.8 [20] , the LQCD prediction by the HPQCD Collaboration [8] and the FNAL/MILC Collaboration [7] are presented as a comparison. The experimental data are from Belle Collaboration [51] .
HPQCD Collaboration [8] and the FNAL/MILC Collaboration [7] are presented as a comparison. We present the branching ratios for the decay B → Dlν l in Table X , where the PDG values [38] , the BaBar data [1, 2, 53], the HQET predictions [5] are presented as a comparison. To do the numerical calculation, we adopt G F = 1.1663787(6) × 10 
This value is shown in Fig.9 , where the central value and its uncertainty are indicated by the dashed line and the shaded band, respectively. As a comparison, the experimental data reported by the BaBar Collaboration [1, 2], the Belle Collaboration [3] and the weighted average of those experimental measurements (HFAG average) [4] are presented. The HQET prediction [5, 6] , the LQCD prediction [9] and the LCSR prediction [20] are presented as a comparison.
V. SUMMARY
In the paper, we have adopted the LCSR approach to calculate the key components of the B → D semileptonic decays, i. Taking n = 0 in sum rules (27) and (28) and using the normalization conditions ξ Previous SM theoretical predictions for the ratio R(D) are always lower than the experimental measurements, some people thus think this inconsistency could indicate a signal of NP. In combination with the LQCD predictions with the LCSR predictions for the TFFs f B→D +,0 (q 2 ), we achieve a more reliable prediction of the TFFs in whole physical region; and we further predict, R(D) = 0.320 +0.018 −0.021 , whose central value is slightly larger than previous SM predictions and is within 1σ deviation from the 2015 Belle data. At present the data are still of large errors, our prediction is still about 1.5σ deviation from the HFAG average of the Belle and BABAR data, we need further accurate measurements of the experiment to confirm whether there is signal of NP from the ratio R(D).
